Fabrication of ZnO based type-II core/shell nanowires for photovoltaic applications by WASEEM AHMED BHUTTO
学校编码：10384         
         分类号      密级        





Doctoral Degree Dissertation 
  ZnO 基Ⅱ型同轴纳米线可控合成及其光伏应用 
Fabrication of ZnO based type-II core/shell 
nanowires for photovoltaic applications 
Waseem Ahmed Bhutto 
 
中方指导教师：  康俊勇 教  授 
吴志明 副教授      
Supervisors:   Prof. Kang Junyong 
Asso. Prof. Wu Zhiming 
专 业 名 称：  凝聚态物理学 
Major:    Condensed Matter Physics 
 论文提交日期:  2015 年 05   月 
论文答辩时间:  2015 年 07   月 
学位授予日期:  2015 年  07 月 
                               
答辩委员会主席：___________             
评阅人：_________________ 
 































另外，该学位论文为（                            ）课题（组）的研究成
果，获得（               ）课题（组）经费或实验室的资助，在




























Xiamen University Dissertation Statement of Originality 
 
This dissertation is submitted as an independent research work under the 
guidance of my supervisor. The published results have been cited in the paper 
properly accordance with the legal norms, rule, and regulation by the Xiamen 
University graduate academic activities (Trial).  
Additionally, this dissertation is (   ) issues (group) research, 
get (   ) funded project (group) funds or laboratory, at (  
  ) Laboratory. (Please fill in the subject or the person in charge of the 
research group or laboratory name in parentheses above, not the contents of this 
statement cannot be specifically stated.)  
 

































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，于   
年  月  日解密，解密后适用上述授权。 







                                  声明人（签名）： 


















Xiamen University Dissertation Copyrights  
I agree with the University dissertation rules according to “People‘s Republic of 
China Academic Degrees Interim Implementation Measures” for the authorities of 
dissertations or its designated agency (including paper and electronic versions). The 
dissertation is allowed to access into Xiamen University library and its database. I 
agree with the University to join with the doctoral national dissertations, master's 
degree thesis can be search in the database and the dissertation titles and abstracts. It 
were not compiled and published before using photocopying or otherwise reasonably 
replicate micro-printing dissertations. 
This dissertation belongs to:  
(   ) 1. review by the Security Committee approved the confidentiality of 
Xiamen University dissertation, Yunianyueri decryption for such authority after 
decryption. 
 ( √ ) 2. No secret for such authority. 
(Please tick the appropriate brackets in the above "√" or fill in the appropriate 
content. Confidential dissertation should have been validated through the 
Security Committee of Xiamen University dissertation, dissertation without the 
approval of the Security Committee of Xiamen University are open 
dissertations. This Statement bar is not filled, the default is public dissertations, 










































(1) 使用 CVD 方法在 AZO 衬底上制备出了垂直有序排列的 ZnO 纳米线阵列。扫
描电子显微镜（SEM）和 X 射线衍射谱（XRD）的表征测试结果显示 ZnO 纳米线优先
生长择向为纤锌矿结构的（001）方向。深紫外-可见光透射谱和光致发光谱（PL）表
明了 ZnO 纳米线阵列有这较好的晶体质量。 
(2) 使用 CVD 方法在 ZnO 纳米线阵列的表面沉积了 ZnSe 和 CdSe 壳层。通
过改变生长条件，如生长时间、源材料和衬底之间的距离，可以控制壳层的尺
寸。形貌和结构的研究证实在 ZnO 核的外侧形成了壳层。透射谱显示通过增加
















(3) 使用共蒸发 CVD 法制备了壳层组分可调的 ZnO/ZnxCd1-xSe 同轴纳米
线。为了控制壳层的形貌与结构，我们对不同的生长条件进行了研究。三元合





谱分析表明纳米线的有效带隙能通过调控组分降低到 2.67 eV 到 1.74 eV。 
(4) 我们使用了 ZnO/ZnSe，ZnO/CdSe 和 ZnO/ZnCdSe 核/壳纳米线阵列组装了太阳
能电池并测试了电池的光伏性能。I-V 特性显示了 ZnO/Zn0.51Cd0.49Se 纳米线电池效


































Recently, photovoltaic devices have been a subject of great interest due to the 
growing awareness of energy crisis and environmental protection. Many studies have 
been focused on increasing the efficiency of solar cells or photo-electrochemical 
(PEC) cells using oxide semiconductors, such as ZnO, TiO2. These oxide 
semiconductors have large and fixed bandgaps, which individually can’t efficiently 
absorb sunlight in visible region and result in a low efficiency. An alternate strategy 
of coating nanowires with narrow bandgap semiconductors, such as ZnSe, CdSe, CdS, 
PbSe, and ZnCdSe, has been applied to extend their absorptions into visible region. 
Due to the limited light harvesting range and ineffectively photoexcited electron 
injection, most of these core shell structures give low photo conversion efficiency 
(PCE). As compared to the binary materials, the ternary alloy ZnCdSe has the 
advantage of tunable bandgap by controlling their composition, which offers to 
achieve higher absorption and more suitable band structure, resulting in improved 
PCE. In spite of these advantages, the low crystal quality in ZnxCd1-xSe shell shall 
diminish cell efficiency. Many efforts have been devoted to improve the crystal 
quality and optimize band structure. However, due to the challenge of controllable 
composition, there are very fewer reports on synthesis of alloy shell directly by CVD 
method. 
In this work, ZnO, ZnO/ZnSe, ZnO/CdSe, ZnO/ZnxCd1-xSe coaxial nanowires 
were synthesized directly by chemical vapor deposition (CVD) method. Furthermore, 
these nanowires were characterized to study their morphologies, structures, and optical 
properties. The solar cells were fabricated based on the above core/shell structures and 
their photovoltaic PV performances were evaluated as well. 
The major results of this work are given below: 
(1) The vertically well-aligned ZnO nanowire arrays were synthesized on AZO 
substrate using CVD method. Characterization results of scanning electron microscopy 
(SEM) and X-ray diffraction show the preferential growth of ZnO nanowire arrays with 
wurtzite (WZ) structure along (001) direction. UV-vis transmission and PL spectra reveal 
a good crystalline quality of ZnO nanowire arrays. 
(2) The ZnSe and CdSe shells were deposited on ZnO nanowire arrays by CVD 















source and substrate, the size of shell layer could be controlled. Morphologies and 
structural studies demonstrated the formation of shell layer on the ZnO core. The 
transmission spectra showed that by adding the shell layer of narrow band gap 
semiconductor, such as ZnSe or CdSe, the absorption edge could be extended to 
visible region. 
(3) The arrays of ZnO/ZnxCd1-xSe coaxial nanowires with tunable shell 
composition (0≤x≤1) were synthesized via co-evaporation CVD method. Different 
growth conditions were studied to control the morphology and structure of shell layer. 
XRD results disclosed that shell structure gradually evolved from ZB to WZ, and the 
characteristic peaks of ZnCdSe alloys shifted to smaller angles with the decrease of 
Zn content, confirming the variation in composition. TEM results revealed that a 
coherent WZ interfacial layer was grown in the ZnO/Zn0.51Cd0.49Se nanowire. This 
coherent layer was beneficial to reduce the mismatch stress and improved the crystal 
quality by suppressing the phase transition. Transmission analysis indicated that the 
effective bandgap of nanowires could be extended in a wide range from 2.67 eV to 
1.74 eV by composition tuning. 
(4) Solar cells were fabricated by assembling the ZnO/ZnSe, ZnO/CdSe and 
ZnO/ZnCdSe core/shell nanowire arrays and their photovoltaic performances were evaluated. 
I-V characteristics demonstrated a maximal efficiency of 3.68%, with short-circuit 
current density (Jsc) of 13.64 mA and open-circuit voltage (Voc) of 0.75 V for 
ZnO/Zn0.51Cd0.49Se nanowire cell. The maximum IPCE of 51% demonstrated the 
better crystal quality and higher charge separation efficiency. TRPL measurements 
demonstrated that the ZnO/Zn0.51Cd0.49Se nanowire had the longest carrier lifetime, 
which was in favor of high charge collection efficiency.  
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